Objective: The aim of this study was to develop a version of the threshold-equalizing noise (TEN) test for the diagnosis of dead regions for use with Etymotic ER-3A insert earphones. The use of such earphones is helpful when testing clients with asymmetric hearing loss or clients whose ear canals tend to collapse under the pressure of supraaural headphones. It can also be useful when ambient noise levels are problematic.
INTRODUCTION
Cochlear hearing impairment is sometimes associated with complete or near-complete destruction or loss of function of the inner hair cells (IHCs) and neurons over a certain region of the cochlea (Schuknecht 1993; Borg et al. 1995) . The IHCs are the transducers of the cochlea, so this loss of function means that little or no information is transmitted to the brain about basilar membrane vibration in the affected region. Hence, the affected region is called a dead region (Moore 2001 (Moore , 2004 . The extent of a dead region can be defined in terms of the characteristic frequencies of the functioning IHCs and neurons adjacent to the dead region (Moore 2001 (Moore , 2004 . For example, if there is a dead region at the basal end of the cochlea, and the characteristic frequency of the IHCs at the edge of the dead region is 1.5 kHz, this would be described as a high-frequency dead region starting at 1.5 kHz. In some cases, there may be a restricted dead region, which would be defined by a lower and an upper edge frequency, or there may be multiple dead regions each defined by lower and upper edge frequencies. In rare cases, there may be only a small surviving region with extensive dead regions below and above it (Halpin 2002; Vinay & Moore 2010) .
The diagnosis of dead regions may be useful clinically for several purposes, including the following: (1) counseling the client about the likely benefit from hearing aids; (2) helping in the choice of hearing aid type, or in deciding whether a person is a candidate for a cochlear implant ; and (3) helping in fitting hearing aids appropriately; for a review, see Moore (2004) .
The threshold-equalizing noise (TEN) test is a simple test designed for use in the clinic to diagnose dead regions. It is based upon the detection of sinusoids (pure tones) in the presence of a special broadband noise, designed to produce almost equal masked thresholds over a wide frequency range, for normally hearing listeners and for listeners with hearing impairment but without dead regions. The detection threshold for normally hearing listeners is approximately equal to the level of the noise in a 1 ERB N wide band centered at 1 kHz, where ERB N is the average value of the equivalent rectangular bandwidth of the auditory filter, as determined using young normally hearing listeners at moderate sound levels (Moore, 2012) . Its value at 1000 Hz is about 132 Hz (Glasberg & Moore, 1990) . For example, a noise level of 70 dB SPL/ERB N usually leads to a masked threshold of about 70 dB SPL, with a standard deviation of 2 to 3 dB (Moore et al. 2000 (Moore et al. , 2003 . The presence of a dead region is indicated by a masked threshold that is 10 dB or more higher than normal, with the extra condition that the masked threshold should be 10 dB or more above the absolute threshold.
The original version of the TEN test (Moore et al. 2000 ) used stimuli calibrated in dB SPL. This version of the TEN is referred to as TEN(SPL). The use of calibrations in dB SPL proved inconvenient for use in the clinic, and a later version of the test ) used stimuli calibrated in dB HL. This version of the TEN is referred to as TEN(HL). The TEN(HL) could only be used with specific headphones, namely Telephonics TDH39, TDH49, and TDH50. These are all supraaural headphones that give relatively poor interaural attenuation and poor isolation from ambient sounds. Also, the headband pressure sometimes causes collapse of the ear canal leading to incorrect estimates of audiometric thresholds, often manifesting as an apparent high-frequency conductive hearing loss.
In the clinic, insert earphones, such as the Etymotic Research ER-3A, are sometimes used to overcome some of the limitations of the TDH series supra-aural headphones. Insert earphones can be especially useful when the client has an asymmetric hearing loss or a hearing loss with conductive components in both ears. The high interaural attenuation of the earphones (Killion et al. 1985) reduces the need for masking of the better ear when the poorer ear is being tested and reduces the likelihood of the masking noise being detected in the test ear (known as cross-masking). Insert earphones also give high isolation from ambient sounds (Killion et al. 1985) , which means that they can be used for audiometric testing even when a sound-isolating booth is not available. Last, insert earphones avoid problems with collapsed ear canals.
This article describes the development of a version of the TEN test for use with Etymotic ER-3A insert earphones. The resulting noise is referred to as TEN(ER3) and the test as the TEN(ER3) test. In the following sections, we describe how the spectral shape of the TEN(ER3) was determined, and we describe a verification study confirming that the TEN(ER3) does indeed lead to masked thresholds in dB HL that are independent of frequency for subjects with normal or near-normal hearing.
DETERMINATION OF TEN(ER3)
SPECTRAL SHAPE Moore et al. (2004) described three methods of determining the required spectral shape of the TEN, two theoretically based and one empirically based. Here, we used only the third, the empirically based method. The method was based on electrical measurement of the output of several audiometers when generating pure tones and while set up and calibrated to drive ER-3A earphones. The earphones used in this study have an impedance of 50 ohm. The ER-3A earphones are also made with a 10 ohm impedance. However, the calibration procedure, described later in this article, should lead to the correct levels regardless of the impedance of the earphones, provided that the audiometer is calibrated for earphones with the impedance used.
The electrical measurements were made while the ER-3A earphones were being driven. For a fixed output level in dB HL, the voltage generated by an audiometer varies with frequency. Each audiometer applies a "correction" C(f) at frequency f, which has two purposes:
(1) To allow for the fact that the "normal" minimum audible pressure varies with frequency; the response at the eardrum should be a constant number of dB above the normal minimum audible pressure.
(2) To allow for the fact that the response of the earphone at the eardrum, for a constant root mean square (RMS) voltage applied to the earphone, varies with frequency.
In the present study, we measured the difference in the corrections for ER-3A insert earphones and the average corrections for TDH39 and TDH50 headphones. The difference in the corrections was used to modify the spectrum of the TEN(HL) to derive the spectrum for the TEN(ER3).
To determine the values of C(f), the voltage produced by the audiometers was measured when driving each headphone/ earphone at 70 dB HL. The corrections were expressed relative to the value obtained at 1 kHz. Measurements were made for each channel of five audiometers using TDH50 headphones, seven audiometers using TDH39 headphones, and four audiometers using ER-3A earphones. The audiometer types included Grason-Stadler GSI-61 and several PC-based audiometers. All audiometers had been calibrated within the 6 months before the measurements. The means of the obtained values are shown in Table 1 . Standard deviations of the values across audiometers for a given headphone/earphone type were less than 1.3 dB for all frequencies up to 4 kHz, but increased to about 2 dB at 6 kHz. Hence, the SEs of the corrections were less than 0.5 dB for all frequencies up to 4 kHz.
The difference values shown in the bottom row of Table 1 were applied to the spectrum of the TEN(HL) to give the target spectrum for the TEN(ER3). Cubic-spline interpolation (Press et al. 1992 ) was used to determine spectral levels over the frequency range 400 to 5000 Hz. For frequencies above 5000 Hz, the response of the ER-3A earphone falls off even more rapidly than that of the TDH series headphones. If the spectrum had been shaped according to the difference values in Table 1 for frequencies above 5000 Hz, this would have limited the level of the TEN(ER3) that could have been recorded onto the CD (see later in the article for details). To prevent this, the spectrum of the TEN(ER3) was shaped appropriately only for frequencies up to 5000 Hz. For higher frequencies, the spectrum was rolled off smoothly. The verification study described later in the article showed that this did not materially affect measured detection thresholds for 4000 Hz tones in the TEN(ER3).
The target spectrum for the TEN(ER3) included two features that were also used with the TEN(HL). To avoid the "edge pitches" that can sometimes be heard for sharply filtered noise bands (Fastl 1971; Small & Daniloff 1967) , the spectrum level outside the passband was tapered off with a slope of about 40 dB/oct. To prevent harmonic distortion or low-level noise generated by the audiometer from being heard, low-level "tails" were added to the spectrum. The spectrum level of the components in the tails was about 28 dB below the spectrum level at 1 kHz.
GENERATION OF LOW-NOISE TEN(ER3)
As was the case with the TEN(HL), the TEN(ER3) was generated so as to have a low crest factor, that is, a low ratio of peak to RMS value. Such noise is called low-noise noise (Pumplin 1985) . This was done to allow the TEN(ER3) to be recorded onto the CD at the highest RMS value possible without digital clipping, and to reduce distortion produced by the audiometer/ earphone when testing at high levels. Note that the low-noise property depends on the interaction of all components in the TEN(ER3), and on those components having the correct relative amplitudes and phases. Because the TEN(ER3) has a bandwidth much greater than the bandwidth of any single auditory filter, even for an impaired ear, the low-noise property is lost when the TEN(ER3) is presented to the auditory system; each auditory filter responds to a limited range of components in the noise. Hence low-noise noise sounds like and has the same masking effects as Gaussian noise with the same spectral shape and the same RMS level. The method used to produce the low-noise noise was a combination of the methods for creating low-noise noise proposed by Kohlrausch et al. (1997) and by Pumplin (1985) . The method is exactly as described in Moore et al. (2004) , and the reader is referred to that article for details. Several versions of the TEN(ER3) were generated, each lasting 5.94 sec. The one that was finally chosen had a spectrum close to the target value both when measured over 200 msec segments and when measured over the whole sample. Figure 1 shows the long-term average spectrum of the TEN(ER3) (top) and a sample of the waveform illustrating the low-noise noise characteristic (bottom). To make a continuous TEN(ER3), the 5.94 sec synthesized segment was repeated seamlessly for about 9.5 min, the duration required to create a complete track on the CD (see the ensuing section).
RECORDING OF TEN(ER3) TEST CD
Track 1 of the TEN(ER3) test CD contains a 1 kHz calibration tone recorded with equal level on the two channels. The level of the calibration tone has been chosen so that, when the CD player outputs are connected to the tape or CD inputs of an audiometer, the correct levels are obtained when the potentiometer controlling the input level for each channel is adjusted so that the VU meter reads 0 dB. This level was chosen both for ease of use and because the accuracy of VU meters is greatest for levels around 0 dB. The calibration procedure should work correctly regardless of the impedance of the earphones, provided that the audiometer is calibrated for earphones with the impedance used.
The remaining tracks contain the TEN(ER3) on one channel and a test tone on the other channel. With the input-level adjustment described earlier, the nominal level of the TEN(ER3), in dB HL/ERB N , is equal to the value set by the audiometer. For example, a dial reading of 60 dB leads to a level/ERB N of 60 dB HL (at 1 kHz). The TEN(ER3) was recorded onto the CD so that the largest peak in the noise had an amplitude just below the full-scale value. The use of low-noise noise meant that the RMS level was relatively high. With the input level adjusted as described earlier (so that the calibration tone gave a reading of 0 dB on the VU meter), the TEN(ER3) causes the VU meters on most audiometers to reach or even exceed the maximum value. However, because the noise has a low crest factor, this does not lead to distortion in the audiometer (the electrical circuits in audiometers are designed to handle signals with high crest factors, such as speech). This was confirmed by measurement of the coherence between the input and the output of several audiometers, using a Hewlett-Packard 35670A dual-channel dynamic signal analyzer. Coherence is the normalized crossspectral density between the input and the output, and it provides a frequency-specific measure of the distortion produced by a system (Kates 1992) . The value of coherence is between 0 and 1, the latter indicating zero distortion. The value of the coherence was always very high (≥0.9999) over the frequency range 500 to 4000 Hz, indicating negligible distortion.
The levels of the test tones were recorded with the same relative corrections as the TEN(ER3). The levels of the test tones are approximately equal to the levels of the internally generated tones from the audiometer at the same dial setting. For example, a dial setting of 60 dB should lead to a tone level of approximately 60 dB HL at all frequencies. The values are not exact, owing to variations in the characteristics of individual audiometers and earphones. The relative level of the CD-generated tone and TEN(ER3) should be exact at each frequency, because this is not affected by the response of the earphone.
VERIFICATION OF TEN(ER3) TEST USING NORMAL-HEARING SUBJECTS
To check that the TEN(ER3) did lead to equal masked thresholds at all test frequencies for normally hearing subjects, thresholds for detecting the test tones in the TEN(ER3) were measured using a TEN(ER3) level of 60 dB HL/ERB N for each ear of 16 subjects with normal or near-normal hearing. The audiometric thresholds of the subjects were not greater than 25 dB HL for frequencies up to 2 kHz, and were not greater than 30 dB at 3 kHz, 35 dB at 4 kHz, and 40 dB at 6 kHz. Their ages ranged from 24 to 62 years, with a mean of 42, and a standard deviation of 14. Table 2 shows mean measured thresholds, standard deviations, and minimum and maximum values. It can be seen that the mean thresholds vary little with frequency, and are close to, but a little below the expected value of 60 dB HL. In no case did the masked threshold exceed 66 dB HL. 
CONCLUSIONS
We have described the development and validation of a new version of the TEN(HL) test for use with ER-3A insert earphones. The use of such earphones may be advantageous when testing clients with asymmetric hearing loss, or clients whose ear canals tend to collapse under the headband pressure of supra-aural headphones. The use of insert earphones may also be advantageous when a very quiet test environment is not available.
The TEN(ER3) test shares the following features with the TEN(HL) test:
(1) All levels are expressed in dB HL. This means that absolute thresholds only need to be measured once, as is done routinely as part of a clinical evaluation of hearing.
(2) Calibration is done in such a way that both the TEN(HL) level/ERB N and the test tone levels correspond to the values indicated on the audiometer. This makes the test simple to apply, and reduces the likelihood of errors.
(3) The TEN(ER3) bandwidth is restricted, and the TEN(ER3) has a very low crest factor. This allows the use of high levels while avoiding distortion, excessive loudness, and possible further damage to hearing.
The criteria for diagnosing a dead region at a specific frequency are similar to those used for the TEN(SPL) and TEN(HL) tests: the masked threshold in the TEN(ER3), in dB HL, should be 10 dB or more above the TEN(ER3) level/ERB N , and the masked threshold should be 10 dB or more above the absolute threshold in dB HL. The recommended final step size for measuring the masked threshold is 2 dB. If the criteria are met at one or more frequencies, we recommend that the absolute threshold at those frequencies be re-measured using the test tones on the CD, so as to check that the masked threshold is at least 10 dB above the absolute threshold.
